Abstract. A numerical atmospheric model is coupled with a simple dry eucalyptus forest fire model to create a wildfire simulation model. This is used to show how certain atmospheric conditions can lead to commonly observed forest fire behavior. Using short line fires, simulations show that with moderate winds, the fire line interacts with the updraft ahead of it causing the fire line to curve forward into a conical shape. Other experiments show that when ambient winds change with height, a pair of rotating updrafts at the curved fire front can touch down within the fire and break up the fire line. We also demonstrate 'dynamic fingering', in which the rotating columns near the fire front intensify to tornado strength and can result in rapid and strong increases in the fire spread rate.
Introduction
Until recently, studies on the effects of forest fires on the atmosphere have treated the fire-atmosphere as an uncoupled system. For example, recent modeling studies by Heilman and Fast (1992) , and Heilman (1992) , investigating the intense heating effects in wildfires, used a twodimensional, non-hydrostatic model with terrain-following coordinates, but did not include coupling between f i e and dynamics. Recent exceptions in fire modeling are the works of Grishin (1992) and the most recent work of Clark et al. (1996) , hereafter referred to as CJCP. These works point to the serious need to consider coupling between the fire and the atmospheric dynamics because the energy released by an intense fire is strong enough to drive the atmospheric dynamics over a wide range of spatial scales. *The National Center for Atmospheric Research is sponsored by the National Science Foundation.
Forest fires produce extremely strong vortices as evidenced by Banta et al. (1992) in their remote sensing of two forest fires and even in much less intense experimental fires (Church et al.; . The main sources of vorticity are horizontal gradients in buoyancy and surface friction. Rotors produced by these two sources can be tilted and/or amplified by stretching. Another source is the solenoidal effect which results from the cross product between the gradients of density and pressure. Usually this source is neglected in small scale modeling although with the presence of strong gradients of buoyancy resulting from the fire its effect should be evaluated. The analysis by CJCP and subsequent simulations (not shown) indicate its effect is negligible for all simulations performed to date. Capturing all significant sources of vorticity is essential in coupled fire-atmosphere modeling in order to realistically assess the effect of coupling.
CJCP have taken a three-dimensional mesoscale model -which has been used successfully on a wide variety of meteorological phenomena such as downslope windstorms, severe cumulus convection, frontal dynamics and tropical convection -and coupled it with a simple dry eucalyptus forest fire model to establish a time-dependent wildfire simulation model. This paper is a continuation of their work where the same model addresses further questions regarding the energetics and some nonlinear processes associated with atmosphere-fire dynamics. CJCP present coupled simulations of straight-line forest fires demonstrating how the location and structure of the low-level convection pattern feeds back on the fireline dynamics to induce a parabolic or cone-like shape to the evolving fire line in constant ambient wind conditions. They show that if the wind speed is strong enough to force the convection column of hot air to lie close in front of the fire line, then the projection of the low-level convergence pattern onto a straight-line fire results in a bell-shaped rate of spread. constant 3m s-' mean wind. Here the updraft of the buoyant column of hot air lies just in front of the fire. As a result, the buoyant column draws air (normal to the fire line) much faster from the center of the fire than from its sides and the fire line quickly evolves a pronounced parabolic shape. If the wind speed is too strong, then the convection column is too far removed from the fire to allow any interaction. CJCP also show that this same mechanism can explain the multiple protrusions (or fingers) that are observed to develop in much longer wind-driven fires such as the 1987 Onion fire in the Owens valley (Charles W. George, USDA Forest Service, personal communication). The protrusions in this case aligned with the wind and were spaced about 1 km apart. The added complexity here is that, when buoyant updrafts become long enough, instabilities in the atmospheric dynamics cause them to break into multiple convection columns, that eventually induce multiple protrusions or what CJCP call "convective fingers" in the fire line. CJCP also argue that for their idealized mean-flow conditions increasing the wind strength above some threshold value results in a decreased level of coupling between the atmospheric and fire dynamics. Their argument is based on the square of a convective Froude numwhich provides a measure of the ratio of the kinetic energy of the air (relative to the fire) over the sensible! heat flux provided by the fire. Byrarn (1973) and Grishin (1992) present similar Froude numbers to characterize fire behavior. U and Sf represent the wind speed-and rate of fire spread, W, is the width of the fire, A616 the convective buoyancy, and g gravity. An advantage of a quantitative model like CJCP's is that important controlling parameters such as F : can be explicitly calculated over a wide range of conditions and its utility tested. For large wind speeds and corresponding large F : values, air parcels remain in the fire for such a short period of time that atmosphere-fire dynamic interactions are negligible. However, for small wind speeds and F: values, the air and fire should be strongly coupled. This latter condition we believe is where coupled atmosphere-fire modeling can make important contributions. For example, we discuss in Section 4 that a small F: may be a necessary condition for a blowup fire to occur. [According to Byram (1954) , a blowup fire is one which suddenly, and often unexpectedly, multiplies its rate of energy output many times, sometimes ina matter of min. The blowup fire can be large or small, but is extremely dangerous to fire fighters.] We hypothesize that blowups result from a bifurcation in Fc2space due to an extreme level of interaction between the atmospheric and fire dynamics. We plan to test this hypothesis in the future.
In CJCP the background wind speeds are constant for each experiment and range between 1 to 5 m s', too small a variation in speed to clearly demonstrate the critical values of F: or their utility. In the present paper we show results with constant background winds,U,, ranging from 1 to 20 m s-', more than adequate to span the parameter space of strong and weak coupling. These experiments are also used to test CJCP's hypothesis that, for the present model formulation, strong wind conditions lead to rapidly spreading but dynamically stable forest fires. Such results are important if we are to develop a good understanding of the dynamics leading to and causing blowups. Figure 2 shows a schematic of a process CJCP refers to as "dynamic fingering", one specific type of small-scale dynarnical process occurring at fire fronts that may affect strong feedbacks between the atmosphere and fire dynamics. Figure 2 illustrates how the vertical tilting of regions of intense horizontal negative shear (i.e., winds decreasing with height) at the fire front lead to narrow regions of high speed, hot air shooting out in front of the fire. What the figure shows is that the low level wind shear can be 'Sensible heat is the energy measured by temperature. ber viewed as rotating flow. When this flow is vertically tilted by localized updrafts it results in bending this ribbon of vorticity (or rotating flow) into the vertical. As the sides of the ribbon approach each other this leads to enhanced local winds as shown in the down-looking lower right plane view. We refer to these narrow regions as fingers; thus the term "dynamic fingering". It is hypothesized that these small-scale fingers of hot gas may cause the rate of fire spread to increase dramatically. Dynamic fingering may represent a major process in fire spread on the microscale which causes fires to "jump" as they spread. This is a strongly nonlinear process occurring on scales of tens of meters and has little relationship to the convective type of fingering described in detail by CJCP that affects the overall fire shape. "Convective fingering " is a process that occurs on much larger scales and involves atmospheric dynamics that are essentially linear.
Probably a necessary, but not sufficient, condition for dynamic fingering to occur is that Fc2 be small, i.e., the atmosphere-fire dynamics must be strongly coupled before any fire front vortices that are tilted can be near the fire. Our simulations to date suggest that even when the value of FcZ indicates strong coupling, fire-line dynamics remain stable, showing little dynamic fingering activity. This indicates that something besides small FcZ is needed before dynamic fingering can occur. Figure 2 suggests that a likely candidate is low-level shear. Byram (1954) noted that a common feature of blowup fires is the presence of low-level negative shear where the wind blows faster near the surface than just aloft. There are numerous ways of producing low-level shear in the ventilation pattern of the fire. These include gust fronts, convective downdrafts and mountain valley flows. In the present paper we rely on a longer term integration to produce convective motions that provide a variety of eddies in the boundary layer. A single dynamic fingering event is obtained with this procedure and is discussed in Section 4. It is associated with a convective downdraft that propagated into the ventilation region and interacted with the fire. This weak dynamic fingering event is also accompanied with the intensification of a pre-existing strong whirlwind of tornado strength that is produced by the fire front dynamics.
Model Description
in the xl direction. The 313 t operator is the local time change. Sensible and latent2 heat fluxes associated with the Here we describe the components of the model used fire are introduced into the atmospheric model by modifyin this study, including the governing equations of the ating the vertical fluxes H,e and H,rV as mospheric model and the current fire model.
The continuity and momentum equations of the mesoscale model
Using mixed vector and tensor notation, the momenand tum equations of the atmospheric model are and the anelastic continuity equation is Here f = (u?, vj), wk) is the air's velocity in thex, y, and z Cartesian coordinate system,P = p(z) the base state air density,~' and B the respective perturbation pressure and buoyancy, and -rl, the stress tensor. The dldt is the Lagrangian time t derivative, v the three-dimensional gradient operator. The T,, stress terms are treated using a first-order subgrid closure (Smagorinsky, 1963; Lilly, 1962 ) with a near-surface Blackadar (1962) grid-scale with a surface roughness height, z, , drag formulation.
The buoyancy is approximated in biconstituent form (Schaefer, 1975) as where qy, 4,. and q, represent the mixing ratios of water vapor, cloud water, and rain water, respectively. Here0 is potential temperature and the constant E= 0.622. The primes denote a deviation from a horizontal average.
The solenoidal effect, Coriolis force, mountainous terrain, and canopy drag are all neglected in the present paper, although the model is formulated to treat both Coriolis, solenoidal effects and mountainous terrain. The cloud physics are approximated using the warm rain parameterization of Kessler (1969) . The ice physics of the model are turned off.
The thermodynamic equation of the mesoscale model
The conservation equation for a thermodynamic variable cCI (which represents any of 8, qy, qc or 9,) is where S, is the local grid scale and H1w the subgrid flux of where K,, is the coefficient of eddy thermal diffusion and FS and F, are the sensible and latent heat fluxes.
The fire model
The fire model is extremely simple, designed as a test bed with which to evaluate the potential utility of a coupled mesoscale atmosphere-fire model, and will undergo significant improvements in the future. The fire's fuel characteristics are treated as a homogeneous dry eucalyptus forest with both ground and canopy fuel. Ground and canopy fuels are specified in units of kg m2. Following Walker (1981) , the initial mass of the ground fuel is 2.7 kg m-2 which is comprised of 2.0,0.5, and 0.2 kg m2 of ground litter, trash, and scrub, respectively. The litter, trash, and scrub are assigned burn rates of 0.040,0.005, and 0.004 kg m-2 s-I, respectively. The initial dry mass of the forest canopy is 1.2 kg m-2 with an initial moisvdry ratio of 1.25. The bum rate of the dry canopy fuel is 0.020 kg m2 s-'. The combustion coefficient of 1.7 x lo7 J kg' is applied to each dry fuel type. As part of the description of the fuel (Walker; 1981) , 3% of the sensible heat released is used to evaporate water contained in the ground fuel. Also, the chemical equation governing the combustion of cellulose results in the conversion of 56% of the dry fuel's mass to water vapor.
To emulate smoldering, the burn rates are premultiplied by BmOo which both limits the rate for slow fire velocities and adds a random component. The formula for B,=,,, is whef;e the units for each term under the square root are m s-I, IVJ is the f i e spread-rate, andr,is a random factor that varies between lf0.05 that is added to quickly excite 2Latent heat is the energy released by condensation of water vapor. dynamic instabilities that might be present. The terms under the square root in (8) are added as a crude means of accounting for 0, oxygen limitation. This portion of (8) will be dropped in the future as it really is not a good approximation of 0, depletion. Fortunately, its inclusion had little effect on the results.
Fuel is divided into rectangular grids and is ignited by contact only. Four tracers are assigned to a grid cell once the ground fuel for that particular cell is ignited. The tracers are free to move in any direction and are not confined by the rectangular geometry of the fuel. Based on the following empirical McArthur formula for fire spread-rate Sf (Noble et al., 1980) , the tracers move parallel with and against, and normal right and left of, the wind. Tracers normal to the wind ph move at speed Sn, against the wind at speed S,, and with the wind at speed S, where
otherwise.
The tracer-advecting wind, Vh, and therefore fire speed, S, are at the prescribed vertical height ofhsp = 15 m above ground level, which represents the top of the canopy. Once a ground tracer reaches an unburned grid box, the bum flag for this new region is then changed from 0 to 1 and four new tracers are initiated at the point of contact. Tracers are not allowed to move into burned out or burning grid boxes.
In the current formulation, the heat flux from the ground fire first goes into drying the canopy. Once the canopy fuel is dry and the ground heat flux exceeds the threshold value of 170 kJ m-2, the canopy ignites. This choice of threshold combined with our choice of fuel types makes all the present simulated fires crown fires. The drying of the canopy will eventually be accounted for by radiation and convection treatments. Although a low intensity ground fire can exist without igniting a crown fire, in the current formulation of the model, a crown fire always co-exists with a ground fire.
The effects of radiation and small scale turbulence heating and moistening the air are parameterized using a simple extinction depth formulation where the vertical structure of the heat fluxes are taken as and
Description of Experiments
The basic experiments of the paper are described in Table 1 . For the standard experiment, the mean atmospheric wind, U(z), is set to the constant U, at all height levels where Uo is either 1,2, 3 , 4 , 5, 10, 15, or 20 m sl. The static stability of the atmosphere is prescribed using the Brunt-VWilB frequency, N = dlneldz. N =O for the first 1 km AGL (above ground level), 0.01 s' for 1 km c z c 10 km, and 0.02 s-I for z > lOkm, which represents the stratosphere. The initial atmospheric water vapor mixing ratio, qy, is set at 12.0 g kg1 throughout the boundary laye? and exponentially damped above the boundary layer with an e-folding depth of 400 m, but is not allowed to decay below 0.1 g kg.
The sensible and latent heat released from the buming fuel is enough to initiate cumulus clouds in all the experiments. Cloud base forms near 2.5 km AGL or 1.5 km above the top of the boundary layer. The clouds are shallow and appear to have little direct influence on the fire front dynamics particularly for the experiments using U(z) equal to the constant U, as the convection produced by the fire propagates downstream of the fire. However, we did consider one experiment, FR7CS1, where we set the background wind z -500
such that U(z) varies from 3 m s' near the ground, changes sign at z = 500 m, and is asymptotic to -3 m s1 aloft. This hyperbolic tangent profile of U(z) allows the small-scale motions produced by the fire and by the cumulus clouds to propagate upstream of the fire and enter the boundary layer flow that ventilates the fire. Comparisons betweenFIR7CR and FR7CS 1 show the long term effect of these feedbacks.
Three variations on fire-line dynamics are considered. The standard experiment starts with a single 420 m long fire line. Some of the earlier experiments discussed in CJCP erroneously introduced a backfire, and some of these experiments are again considered here as they have the advantage of easily producing convectively disturbed flow in the boundary layer ventilation flow and affecting the fire-line dynamics. A final variation (FIR7E2, see Table  1 ) is to set two fire lines, both oriented normal to the wind and spaced 400 m apart. The purpose of this experiment is to observe the effect of halving theF: by doubling the heat flux from the fire for a fixed U(z). Figure 3 shows the variation of F : with Uo with locations marked for experiments from Table 1. where cx = 50 m in the present simulations.
3The atmosphere-fire coupling does not, as yet, consider fuel moisture adjustments due to atmospheric conditions. Sf =fire spread rate, calculated analytically using (9) In Figure 3 , S, is the fire spread rate calculated using (9) with lvhl = U,, while Sfa is the "actual" value that occurred in the experiment due to fire front dynamics and F: the convective Froude number calculated using Sfain ( I ! . Figure 3 shows that Uo is not a good estimate of u at the fire front, especially for small Uo and underestimates actual fire spread rates for U, c 20 m sl. As a result, actual Fc: values are lower than F: values. The reason for showing F: was to demonstrate convergence with Fc2 with increasing Uo. F: remains the only operative parameter as it is unambiguous since it is based on ambient flow conditions.
Results
Next, we describe how several factors affected fire dynamics. These include the presence of a backfire, the square of the convective Froude number F:, long-term feedback of the fire-induced circulations on the fire, and the occurrence of a dynamic fingering event. Table 1 shows that the difference between experiments FIRE7C and FIR7CR is that FIRE7C has a backfire whereas FIR7CR does not. The backfire in FIRE7C is the result of fire tracers directed normal to the wind erroneously moving upwind at the speed of Sm= .18 m s-'. Both experiments experience an initial convective adjustment time of = 1 min before convection is in balance with its heat source. A main physical difference between these two simulations is that the forward moving Fxe in FIBE7C is excited by the convective eddies generated by the backfire. The result of this is seen in Figure 4 , a plot of fire spread-rates Sf versus time t for FIRE7C and FIR7CR, where the turbulent forcing by backfire eddies produces significant variability in Sf for FIRE7C. If the region of burned out fuel behind the main fire becomes sufficiently cool, then convective downdrafts can penetrate closer to the surface to enhance near surface wind speeds. This buildup of low-level shear adds to the instability of the fire front and to the possibility for increased Sf This is evident at t E: 4 min in FIRE7C whensf suddenly increases from = 0.4 to 0.5 m s' and then drops back to = 0.4 m s ' .
Effect of backfire on short-line experiments
Unlike FIRE7C, Sf versus t for FIR7CR (no backfire) is extremely regular, showing a fundamental period of about 45 s with a second harmonic of half this period. This regular period appears to be an artifact of the model resulting from the sudden ignition of the 10 m square grid of fuel every %/Sf E: 43 S. The periods for the other experiments show a clear trend of increasing frequency and decreasing amplitude with increasing U,, supporting the above hypothesis.
It is also possible that the backfire preheats air coming into the fire, reducing low-level wind speeds and wind shear to, in effect, stabilize the fire by reducing the effective A 0 and increasing F:. Figure 4 shows that after the initial convective adjustment time, and other than the peak at = 4 min, the maximum S for FIRE7C (backfire) remains temporally fairly unikrm, while for FIR7CR (no backfire) the maximum Sf steadily increases with time. Figure 5 shows vertical cross sections of temperature anomaly through the middle of the fire line forUo= 1,3, 4, 5, 10, and 15 m s' at t = 6 min. As Uo increases the wind tends to flow through the fire, while the air shows little vertical deflection. This is particularly noticeable for Uo > 5 m s-'where the coupling between the fire and the atmospheric dynamics is weak p : > 0.6). Another characteristic demonstrating the decoupling with increasing Uo is seen in Figure 6 . For the same experiments as Figure 5 and t = 6 min, Figure 6 shows that when Uo= 10 and 15 m s l , the shape of the central portion of each fire line has stayed linear, i.e. for Uo > 5 m s -' , the near surface convergence pattern of the convection column is decoupled from the fire.
Effect of Fc2 on&w pattern
Figures 7 and 8 show cross sections of vertical velocity w(x,y) and w(x,z), respectively, for the same cases and Although convection in FIR7E2 is initiated by two parallel fire lines, the forward fire plume entrains the rear one and becomes a single plume. Plume studies by Rouse, Baines and Humphreys (1953) show that two plumes initiated by two parallel line sources in a zero ambient wind entrain each other and become a single plume located single line source was located beneath it. In this case, Figure 9 shows that by t = 2 min the fire plume behaves as though a single line source is located beneath it and the source is essentially collocated with the forward line fire.
In the double fire line experiment FIR7E2, the front fire moves much faster than in the single fire line experiment FIRE7E (SfQ = 0.70 m s1 compared to Sf. = 0.56 m sl).
Based on the square of the actual convective Froude numbers, the coupling between the fire and the atmospheric dynamics is also much greater in FIR7E2 PCZ = 0.62) than in FIRE7E (Fc2 = 1.7), where, as seen in Figures 5 to 8, the coupling is weak. In FIR7E2, the coupling is weak for the rear fire line, significant for the forward fire line. Figure 9 shows little vertical deflection in the air flowing over the rear fire; winds flow through the rear fire and are entrained by the forward, vertically-tilted, fire plume. Figure 10 shows that the shape of the central portion of the rear fire line stays linear, while the forward fire line evolves into a parabolic-like shape. The downstream near- midway between the sources which behaves as though a the fire. FIR7CR used a constant wind of U, = 3 m s1 throughout the atmosphere, whereas FR7CS 1 used U(z) set equal to an hyperbolic tangent profile where U(z) is +3 m s' at the surface z =0, Zero at z = 500 m, and asymptotic to -3 m s1 for z >> 500 m. In FIR7CR the convective motions are all advected downstream of the fire since Sf < 3 m s-I . In FR7CS 1 the convective motions are eventually advected to the rear of the fire, providing the opportunity to re-enter the fire. Figure 11 shows the time series of Sf -(t) for these two cases over a period of 28 min. In FIR7CR, Sf-remains steady at -0.4 m s ' throughout this period, whereas in FR7CSl Sf-displays very nonuniform behavior, departing dramatically from a steady value once t > 15 min, the time required to recycle convective eddies on the scale of the fire. In this case, at t = 24.4 min Sf-jumps erratically to -0.9 m sl. As discussed in the next section, this particular variation in Sfmcorresponds to a dynamic fingering event brought on by the actions of the downdraft of a convective eddy. Figures 1 and 12 show the evolution of fire ignition for these two cases. We see that while FIR7CR retains its integrity throughout the 28 min integration period, surface convergence pattern of the single convective column is coupled with the [orward fire (seen clearly in the wind vectors), but this convergence is too far upstream to affect the shape of the rear fire line.
FIR7E2 does resemble FIR7DR more than FIRE7E, demonstrating the significance of the convective Froude number, however there are differences in behavior and structure. In FIR7E2, the fire fronts travel faster = 0.70 m s-') than in the single fire line experiment FIR7DR (Sf. = 0.48 m -I). And, based on the actual convective Froude numbers, the coupling between the fire and the atmosphere is slightly greater for FIR7DR ( F: = 0.62) than FIR7E2 (FcZ= 0.85). In FIR7DR, winds are entrained by the fire ( Figure 5 shows a small, upright plume att = 6 min) whereas for FIR7E2, the greater ambient wind case, (Figure 9 ) there is a single large plume, strongly tilted downstream. 
Effect offire-induced motions on jre evolution
Two experiments were run to demonstrate the effect of long term feedback of the fire-induced convection on FR7CS1 breaks up by t = 20 min as a result of the feedback of the fire-induced motions. The curved shape of the fire line results in the development of two counter rotating vortices positioned at the point of the fire. The sense of this vortex pair provides rotation that directs air towards the fire at its center. As shown in Figure 13 (b), the environment of the hyperbolic tangent wind profile allows this vortex pair to eventually touch down within the fire line in experiment FR7CS 1, where the opposing winds from the vortex pair blow air into the fire and break up the fire line. As shown in Figure 13 (a), a similar vortex pair is produced that eventually touches down, but well in front of the fire line without strongly affecting the fire line dynamics. This mechanism of fire line break-up is similar to that causing so-called storm splitting in numerical simulations of cumulonimbus clouds (Wilhelmson and Klemp, 1978) . Clark (1979) discusses the storm splitting process in the context of cloud modeling as an artifact of the schemes used to initialize the models. However, in the context of forest fires the process appears to be physically well based.
A dynamic fingering event
A single event of dynamic fingering is observed in the north-east sector of the fire front. Figures 14, 15 tion of Sfthrough dynamic fingering does not lead to runaway fire spread. This type of local vortex dynamics is probably involved in causing fires to jump in some cases as they spread.
Conclusions
Simulations of coupled forest fire and atmospheric dynamics are performed over a range of mean ambient wind speeds to assess the utility of the square of the convective Froude number, Fc2, in predicting fire line behavior. The experiments use a simple empirical fire model based on the McArthur f i e spread meter. The results show that for moderate to low wind speeds the coupling between the fire and the atmosphere is significant, leading to strong feedbacks between the fire induced motions and fire-line spread. This initial study simplifies the coupling by using fire parameters from a dry eucalyptus forest fire applied to an empirical rate-of-spread model. The fire coupling does not, as yet, consider fuel moisture adjustments due to atmospheric variations. This will be considered in later work. Wind speeds of 10 or greater result in faster rates of fire spread, but weaker fire-atmosphere coupling with no noticeable feedback between the fire and fire-induced motions. Temporal averaging over a 3 min period, centeredat t = 18 min, as well as spatial averaging over 120 m was applied to the model data to remove higher amplitude small fire line vortices.
For moderate ambient wind speeds, the coupled forest fire and atmospheric dynamics simulations show three basic mechanisms affecting fire line behavior. The first mechanism, discussed in Clark et al. (1996) , is the effect of the near-surface convergence zone of the convection column inducing a parabolic or cone-like shape to the wind-driven line fire. This effect is seen in the early time history of all the wind-driven simulations with U, ranging from 2 to 5 m s'. The second mechanism is a longer term effect derived from the first, where the curved shape of the advancing fire front produces a vertically-oriented vortex pair situated in front of the fire. The third mechanism: in a case where the ambient wind reversed direction with height (experiment FR7CS1), this vortex pair eventually touched down in the fire, resulting in a breakup of the fire line into two distinct sections. In one other long term simulation where the wind speed remained constant at 3 m s-' with height (experiment FIR7CR), the vortex pair touched down well in front of the fire line. In this case the fire line retained its curved shape throughout the 28 min of simulated time. The third mechanism is what we call "dynamic fingering", the result of vortex tilting at the small scales of the fire line. In this case the sense of vortex tilting amplifies the wind speed in the direction of fire spread resulting in a marked increase in the rate of spread. Experiment FR7CS 1 presents a single event of dynamic fingering that resulted from the vertical tilting of a zone of negative shear (e.g., wind decreasing with height) produced by a fire-induced eddy at the fire front. The tilted zone of shear amplifies an existing vertical vortex to locally increase the rate of spread from 0.4 m s-' to 0.9 m s-I. We believe that this small-scale mechanism for dynamic fingering may be basic to fire spread dynamics. It will be a topic of further investigations. The dynamic fingering event is accompanied by a vertical vortex with an amplitude a little larger than 1 sl. This vertical vorticity is comparable to that of supercell tornadoes, approximately 0.3-1.2 sl, using tangential velocity and funnel width data of Bluestein et al. (1993) . The updrafts associated with this vortex are as strong as 5 m s-I at 15 m AGL. As these updrafts are sufficiently strong to loft burning material and cause spotting downwind of the fire, the results point to the possibility of introducing spotting in further model development. Another interesting feature of this intense vortex is the presence of multiple speed maxima. At 15 rn AGL the analysis showed three local maxima of speed, indicating an unstable vortex. These vortices orbiting within a larger vortex resemble the subtornado-scale vortices called "suction vortices" that Fujita (1970 Fujita ( ,1971 identified as existing within a parent tornado. This phenomenon will be investigated further in the future.
Under special conditions this mechanism of dynamic fingering may also play a crucial role in a bifurcation of the fire dynamics leading to blowup fires. Both the duration and spatial extent of the amplification of the rate-offire spread could be significantly increased by the introduction of an external source of strong low-level negative wind shear, e.g., gust fronts or mountain valley flows. The continual forcing of dynamic fingering could then lead to rapid fire line spread resulting in a significant in- crease in the average rate of fire spread. An increase in spread-rate would then alter the energy balance such that the heat flux provided by the fire is sufficient to drive its own boundary layer circulation pattern and maintain the sheared ventilation pattern. The result is a bifurcation in the fire dynamics. Testing this hypothesis on the mechanism leading to blowup fires will be a topic of further investigation. An important aspect of fire modeling is the simplification of the dynamic model for purposes of further idealized studies on fire line dynamics. Examples here might include development and testing of canopy drag formulations or the treatments of radiation. The current results indicate that all of the large Fc experiments would give equivalent results in two spatial dimensions. Thus a twodimensional version of models such as this would be good test beds to efficiently develop and test model improvements.
